INTRODUCTION
Aspartic proteinases are important not only in the control of a number of biological systems (e.g. renin in hypertension, pepsin and gastricsin in the gastric phase of digestion, cathepsin D in tissue protein turnover), but are also vital ingredients in several processes of commercial value (e.g. chymosin for cheese-making). Extensive sequence homologies have been observed between the enzymes belonging to this family (for a review, see . Tertiary structures have been determined by X-ray crystallography for three microbial aspartic proteinases, namely penicillopepsin (James & Sielecki, 1983) , Endothia parasitica proteinase (Pearl & Blundell, 1984) , Rhizopus chinensis proteinase (Bott et al., 1982) , and the mammalian homologue, pig pepsin (Andreeva et al., 1984) . All have broadly similar structures and this, together with the sequence homologies, would appear to indicate that all members of this family are likely to have similar three-dimensional conformations overall. Therefore all should operate through a common catalytic mechanism for the hydrolysis of substrates.
However, substantial differences in substrate specificity, pH optimum and stability have been shown to exist among the various members of the family. All of the enzymes appear to have an extended active-site cleft (Tang et al., 1978) , which can accommodate at least seven amino acids of a substrate in the S4-S3' subsites (nomenclature of Schechter & Berger, 1967) , so that cleavage can occur (usually) between two hydrophobic residues occupying the S1-S,' sites (Powers et al., 1977) .
Indeed, secondary binding has a large effect on the catalytic efficiency of a number of the enzymes (Fruton, 1970; Hofmann & Hodges, 1982; Blum et al., 1985) . The differences in specificity, and therefore activity, at various pH values may then be dependent on the nature of the amino acid side chains that make up the subsites in these enzymes.
Investigations into such differences have been facilitated for other proteolytic enzymes by the ready availability of chromogenic peptide substrates from commercial sources (e.g. for the blood-coagulation serine proteinases). However, the few such substrates that are available commercially for aspartic proteinases suffer from problems of poor aqueous solubility and lack of sensitivity. For example, the peptide Leu-Ser-Phe(4-NO2)-Nle-Ala-Leu-OMe has been examined as a substrate for several mammalian enzymes and the fungal proteinases from Mucor pusillus and Mucor miehei (Martin et al., 1982; Martin, 1984) . However, this peptide is very poorly soluble and has limited value, since its use is restricted largely to studies at very low pH values. Similarly, the peptides Phe-Gly-His-Phe(4-NO2)-Phe-Ala-Phe-OMe for pig pepsin (Rich & Sun, 1980) and Phe-Ala-AlaPhe(4-NO2)-Phe-Val-Leu-O4MP for cathepsin D (Agarwal & Rich, 1983) required the presence of organic solvent in the reaction mixture to ensure adequate solubility, even at low pH values.
The logic used in this laboratory to overcome such technical difficulties while, at the same time, retaining all of the features that are considered desirable in a peptide substrate, has been described previously for pig pepsin . Thus the readily soluble peptide Pro-Thr-Glu-Phe-Phe(4-NO2)-Arg-Leu was synthesized to be sufficiently long to occupy each of the subsites of the active-site cleft such that the Phe-Phe(4-NO2) pair would fit into Sj-Sj' and would thus preclude kinetic complications, such as multiple substrate binding and transpeptidation (Blum et al., 1985) , that have been found to occur with shorter (di-or tri-peptide) substrates.
The present paper extends these original findings by detailing the suitability of this substrate for use with a wide variety of aspartic proteinases of both animal and microbial origin. Additionally, further substrates based on this parent peptide have been designed and synthesized in order to examine the effect of secondary Vol. 237 Abbreviations used: Phe(4-NO2), p-nitro-L-phenylalanine; Boc, t-butoxycarbonyl; Nle, norleucine; OMe, methyl ester; 04MP, 4-hydroxymethylpyridine ester; Bzl, benzyl; CM-, carboxymethyl.
t To whom correspondence and requests for reprints should be addressed. binding in the active-site cleft on the cleavage of the Phe-Phe(4-NO2) bond. Previous reports had indicated that interactions at the S3 subsite might be of especial significance in determining the specificity of enzyme interaction with substrates and inhibitors (Fruton, 1970; Rich & Bernatowicz, 1982; Blum et al., 1985) . Consequently, a series of peptides of general structure LysPro-Xaa-Glu-Phe-Phe(4-NO2)-Arg-Leu was synthesized where Xaa = Ile, Val, Ala, Pro, His or Lys. The interaction of these substrates with a number of aspartic proteinases is described.
EXPERIMENTAL Peptide synthesis
All peptides were synthesized by the stepwise solidphase procedure (Barany & Merrifield, 1979) The parent peptide Pro-Thr-Glu-Phe-Phe(4-NO2)-ArgLeu was synthesized as described previously . The peptides of general sequence Lys-Pro-XaaGlu-Phe-Phe(4-NO2)-Arg-Leu were synthesized by the following strategy. a-Boc-Leu-resin was prepared by the caesium salt method (Gisin, 1973) with a substitution level of 0.26 mmol/g of dry resin. A 5 g portion of this resin was placed into the reaction vessel of the synthesizer and elongation was carried out by the dicyclohexylcarbodi-imide/hydroxybenzatriazole method (Dunn et al., 1983) 
The sample was dried by washing with methanol and evacuation before being split into six portions by weight. These were each placed into a smaller reaction vessel and each synthesis was continued by addition ofBoc-protected isoleucine, valine, alanine, proline, histidine or lysine to give the P3 substituent of the six different peptides. The synthesis was completed in each case by the addition of proline and lysine.
After the completion of assembly of each of the peptide chains, Lys-Pro-Xaa-Glu-Phe-Phe(4-NO2)-ArgLeu, 1-3 mg of each peptidyl-resin was hydrolysed with 0.5 ml of 12 M-HCI and 0.5 ml of propionic acid in vacuo at 115°C for 24 h. The resulting compositions gave amino acid ratios ranging from 0.5 to 1.6 per residue at this stage of preparation. The completed peptidyl-resins (1.5-2.5 g) were deprotected and the peptides were cleaved from the resin by treatment with anhydrous HF as described previously (Dunn et al., 1983) . The peptides were extracted from the dry resin with 50% (v/v) acetic acid/water. A sample from each of the extracts was hydrolysed with 6 M-HCI at 115°C for 24 h and the resulting analyses indicated that cleavage and extraction had removed at least 90% of the peptide from the resin in all cases. Purification of peptides Each ofthe crude peptides was purified by ion-exchange chromatography on a column (1 cm x 30 cm) of CMSepharose. The samples were loaded in 0.01 M-ammonium acetate buffer, pH 5.0, with the conductivity adjusted by dilution to be no higher than that of the starting buffer. After loading, the columns were washed with starting buffer (100 ml) and then a gradient of ammonium acetate buffer from 0.01 M to 0.5 M (200 ml 1986 Table 2 . Analysis of products obtained after incubation of synthetic peptides with various aspartic proteinases Individual substrates, Lys-Pro-Xaa-Glu-Phe-Phe(4-NO2)-Arg-Leu (in the amounts shown), were incubated with the appropriate aspartic proteinase (1-10 ,ug) for 1 h at 37°C in 0.5 ml of0.1 M-sodium formate buffer, pH 3.1. Reaction products were analysed by microbondapak C18 reversed-phase h.p.l.c. using essentially the same conditions as were used for the purification of the individual substrates. Peaks detected at 254 nm were characterized by amino acid analysis. In all cases the pentapeptide product had the expected composition of Lys-Pro-Xaa-Glu-Phe (emerging at various times of elution according to the nature of the Xaa residue). Similarly the tripeptide product was always found to consist of Phe(4-NO2)-Arg-Leu (emerging at 12 min of elution in every case). Recoveries of peptides varying from 40 to 80% are typical of reversed-phase (C18) columns. Sonkuti & Babel (1968) and Williams et al. (1972) respectively. Yeast proteinase A was prepared as described previously (Dreyer et al., 1985 
Product analysis
Samples of each of the peptides Lys-Pro-Xaa-GluPhe-Phe(4-NO2)-Arg-Leu (100-1000 nmol) were incubated with enzyme (1-10 ,ug) in a total volume of 0.5 ml for 1 h at 37°C before immersion in ice. The products thus generated were examined by h.p.l.c. and amino acid analysis as described previously . A portion (10 l1) was first injected into the h.p.l.c. instrument to examine the pattern and to establish conditions for characterization of the products. Peaks observed by detection at 254 nm were collected and hydrolysed for amino acid analysis. The expected peptides arising from cleavage between the phenylalanine and the p-nitro-L-phenylalanine residues, i.e. the pentapeptide Lys-Pro-Xaa-Glu-Phe and the tripeptide Phe(4-N02)-Arg-Leu, were obtained in every case. Representative examples are presented in Table 2 . Determination of kinetic parameters Stock substrate solutions were prepared in distilled water or in 0.1 M-sodium formate buffer, pH 3.1, at concentrations ranging from 1.0 to 5.0 mg/ml and portions (5-100 l1) were then diluted into buffer for the rate determinations. In all cases, the rate of hydrolysis was monitored by observing the decrease in A300 of the solution. The initial linear slopes were measured to yield AA/min. In all cases, Michaelis-Menten kinetics were observed, and plots of [S] Pro-Ala-Glu-Phe-Phe(4-NO2)-Arg-Leu and pig pepsin Substrate (500 nmol) was incubated at 14°C in 0.1 M-sodium formate buffer, pH 3.1, for 20 min. Pig pepsin (0.2 jug) was then added to initiate the reaction and again (1 ,ug) after 100 min. Samples (25 ltl) were removed at the times indicated by the numbers to the right of each trace and analysed on a C18 microBondapak column using an isocratic buffer system of 45% buffer B (methanol) and 55% buffer A (20 mM-ammonium acetate bufer, pH 4.5, containing 10% methanol). The injection point is to the left ofeach trace, and in the t = 0 trace a peak of buffer salts was detected. The pentapeptide product, Lys-Pro-Ala-Glu-Phe (labelled P2) is eluted just after this peak. The tripeptide product, Phe(4-NO2)-Arg-Leu (P1), and the uncleaved substrate (S) are labelled accordingly.
solution of isovaleryl-pepstatin, the concentration of which had been precisely quantified by amino acid analysis. The amount of isovaleryl-pepstatin required to yield 100% inhibition was taken to be equal to the amount of active enzyme present in the measured sample.
The change in A300 on hydrolysis of these substrates was in the range 1000-2000 M-1 (at pH 3.1).
RESULTS AND DISCUSSION
In the original design of the parent heptapeptide substrate for pig pepsin, Pro-Thr-Glu-Phe-Phe(4-NO2)-Arg-Leu, residues were chosen for the P4, P3, P2 P2' and P3' positions so as to maximize favourable interactions within each of the corresponding subsites in the enzyme. However, since this enzyme has a relatively broad specificity, it is conceivable that oligopeptide substrates of the type described herein might bind in multiple ways within the active site, thus presenting different peptide bonds to the catalytic apparatus. It was considered essential to establish that the same reaction [cleavage of the Phe-Phe(4-NO2) bond] was being monitored for all of the enzymes and substrates under study. Digestion of all of the substrates by pig pepsin and of representative substrates by the other enzymes was continued for extensive periods and the products of cleavage were separated by h.p.l.c. and identified by amino acid analysis. No p-nitro-L-phenylalanine-containing products were ever obtained other than the tripeptide, Phe(4-NO2)-Arg-Leu, for any digestion examined (Table  2) . Thus the design of this substrate series would appear to ensure binding in the correct orientation.
The time course of a representative hydrolysis was examined by using reverse-phase h.p.l.c. to separate and quantify the amounts of substrate and products formed at regular intervals (Fig. 1) . The heights of the three peaks derived from these h.p.l.c. traces are plotted in a pseudo-first-order fashion in Fig. 2(b) (for intact substrate), Fig. 2(c) (for the pentapeptide product) and Fig. 2(d) [for the tripeptide, Phe(4-NO2)-Arg-Leu] respectively. The slopes of all lines were virtually identical, indicating that cleavage of the octapeptide substrate leads directly to the tripeptide and pentapeptide products without the formation of any stable intermediates such as transpeptidation products. The rate of change of A300 (Fig. 2a) was approximately equal to the slopes plotted in Figs. 2(b) , 2(c) and 2(d), thus demonstrating that the spectrophotometric measurement is an accurate representation of the rate of cleavage of octapeptide into pentapeptide and tripeptide pr.oducts. Similar analyses were performed for the other substrates (results not shown).
The parent peptide, Pro-Thr-Glu-Phe-Phe(4-NO2)-Arg-Leu, would appear to be a good substrate not only 1986 In (a), the A300 of the incubation mixture was monitored continuously. The final A300 value obtained (A.,) was subtracted from the absorbance (At) measured at any time (t). In (b)-(d), the A254 of the peaks labelled S, P2 and P1 respectively in Fig. 1 were used as At. The absorbance at infinite time, A.,, was measured after prolonged incubation. The arrows indicate points at which additions of pig pepsin were made (20 min, 0.2,g; 100 min, 1 jug). Table 3 . Kinetic constants for the hydrolysis of Pro-Thr-Glu-Phe-Phe(4-NO2)-Arg-Leu by aspartic proteinases of animal origin All reactions were carried out in 0.1 M-sodium formate buffer, pH 3.1, at 37 'C. The progress of each reaction was monitored by observing the decrease in A300. for pig pepsin as reported previously , but for most of the aspartic proteinases (Tables 3 and 4) .
Most Km values are less than 1 mm and are similar in magnitude to those observed for oligopeptide substrates (Fruton, 1970; Martin, 1984; Pohl et al., 1983 (Table 4) . Alternatively, it is conceivable that the S3 subsite of each of the microbial enzymes may be much more versatile than their counterparts in the mammalian enzymes. Indeed, examination ofthe crystallographically determined structure of Endothia parasitica proteinase (Hallett et al., 1985) in the S3 region shows that there are at least two carboxylic acid side chains (Asp-12 and Asp-i 14), as well as several hydrophobic residues (Ile-1 17, Ala-13) that are potentially close enough to interact with the P3 side chain of a substrate or inhibitor. Furthermore, the S3 site in the Endothia enzyme is a large depression that could allow several alternative orientations of the side chain of the amino acid in the P3 position. If the active sites of the other microbial enzymes were to retain this type of flexibility, it would not be surprising that they can bind all of these substrates so readily. As observed above for the parent heptapeptide, binding (as defined by Km) is generally much better to the microbial enzymes than to their mammalian counterparts. The versatility of the binding pockets of pig pepsin and the microbial enzymes has been compared (Andreeva et al., 1985) , and the somewhat larger size of the pockets in the microbial enzymes has been emphasized. It was suggested that binding interactions in secondary subsites might induce subtle conformation alterations in the orientation at the primary S1-S1' subsites, leading to more effective binding.
The kcat values for this series of substrates (Table 6) also have a wide range. The mammalian enzymes have 1986 Table 6 . Catalytic site activities (kcat.) for the hydrolysis of Lys-Pro-Xaa-Glu-Phe-Phe(4-NO2)-Arg-Leu by various aspartic proteinases All reactions were performed in 0.1 M-sodium formate buffer, pH 3.1, at 37 'C. 
